In obese patients with type 2 diabetes (T2DM), Roux-en-Y-gastric-bypass (RYGB) and sleeve gastrectomy (SLG) improve glycemic control.
pass (RYGB) is the most widely used bariatric procedure; typically, it results in major weight loss with no relevant malabsorptive symptoms. In a large meta-analysis, RYGB was reported to improve glycemic control in 80% of patients with T2DM (3). More recently, Schauer et al (6) reported that about 30% of patients with T2DM discontinued all antidiabetic medication after RYGB following hospital discharge. Several hypotheses have been put forward to explain the improvement in glycemic control after RYGB, including the starvation-followed-by-weight-loss hypothesis, the neuronal hypothesis, the foregut/hindgut hypothesis, and the ghrelin hypothesis (7, 8) . However, at present, none of these explanations has been conclusively proven.
There is increasing favor for sleeve gastrectomy (SLG), which produces an early improvement in glucose homeostasis similar to that with RYGB (9 -11) . In this case too, the mechanisms of improvement in glucose metabolism remain uncertain. In fact, although foregut exclusion does not play a role in SLG, unexpected changes in distal intestinal hormones follow the operation despite the absence of gut manipulation (12) (13) (14) . However, the mechanisms for these changes are not completely understood. Recently, it has been hypothesized that changes in ghrelin levels after SLG might help to explain the improvement in glucose metabolism (15, 16) , but experimental data showing a direct effect of ghrelin on glycemic control in humans are lacking.
Collectively, these observations clearly suggest that different mechanisms could participate in the improvement/remission of T2DM after bariatric surgery. The objective of the present study, therefore, was to investigate the extent, time course, and mechanisms of recovery of ␤-cell function and insulin sensitivity in severely obese patients with T2DM undergoing RYGB or SLG. In particular, our goal was to investigate the differential role of gut hormones in the surgeryinduced changes in insulin action/secretion while controlling for the effects of caloric restriction.
Materials and Methods

Subjects
The study group included 35 patients with T2DM (24 women and 11 men), who were wait-listed for laparoscopic RYGB (23 subjects) or SLG (12 subjects). Diabetes was diagnosed according to American Diabetes Association criteria (17) . Antidiabetic treatment was insulin in 9 patients (40 -120 IU/d), oral antidiabetic agents in 23 patients (sulfonylurea plus metformin), and diet alone in 3 patients. Exclusion criteria were (1) medical conditions requiring acute hospitalization, (2) blindness, and (3) severe medical conditions described elsewhere (18) . Body composition was measured by electrical bioimpedance (Tanita BC418MA; Sensormedics Italia Srl).
The protocol was approved by the local ethics committee, and all patients signed a consent form before the study.
Study design
After screening, patients were admitted to our hospital ward for a period of 8 days; clinical parameters were measured daily. After an overnight fast, samples were obtained for routine blood chemistry, plasma glucose, and glycosylated hemoglobin (HbA 1c ) concentrations. Then a standard oral glucose tolerance test (OGTT) (75 g of glucose in water) was performed (T1). All patients were then given a semiliquid, hypocaloric diet (1200 kcal; 18% protein, 29% fat, and 53% carbohydrate) for a period of 7 days. This diet was the same as the one that both patients undergoing either RYGB or SLG were to follow from the 5th to the 30th postoperative day. Oral antidiabetic agents were stopped 48 hours before the diet was started. If daylong plasma glucose concentrations were Ͻ10.0 mmol/L, patients were maintained with diet only; otherwise insulin was used to maintain plasma glucose Ͻ10.0 mmol/L. In patients who were taking insulin before hospitalization, injections were discontinued 16 hours before the metabolic study; patients taking glargine at bedtime were switched to NPH 2 days before the study. At the end of this presurgery diet period (T2), a mixed-meal test (MMT) (see below) was performed to evaluate ␤-cell function, peripheral insulin sensitivity, and hormonal responses. Patients were then discharged and for the following month were allowed to consume a free diet. SLG was performed on the basis of age (Ͼ55 years), vitamin (group B) and iron concentrations, intake of drugs with prevalent duodenal absorption, intestinal metaplasia, or relapse of Helicobacter pylori infection.
On the day of surgery, an insulin infusion was started in patients with a fasting plasma glucose concentration of Ͼ8.0 mmol/L to maintain the plasma glucose concentration between 6.0 and 10.0 mmol/L during surgery and for the following days. After surgery, the MMT was repeated 15 days (T3) and 1 year later (T4), whereas the OGTT was repeated at 1 year only. Diabetes remission (partial remission by American Diabetes Association criteria) was defined as a HbA 1c Ͻ6.5%, fasting glucose Ͻ7.0 mmol/L, and 2-hour glucose Ͻ11.1 mmol/L on the OGTT while not receiving antidiabetic treatment.
Laparoscopic RYGB
Laparoscopic RYGB was performed as described elsewhere (18) .
Laparoscopic SLG
A four-fifths vertical gastrectomy was performed on a 34-French bougie using multiple reinforced 60-mm linear stapler firings starting 4 to 6 cm from the pylorus up to the gastroesophageal junction to obtain a 80-to 100-mL gastric tubule.
MMT
After an overnight (10 -12 hours) fast, patients ingested a semiliquid meal (26% protein, 28% fat, and 45% carbohydrate; 350 kcal in total). Blood samples were collected through an indwelling cannula at times Ϫ30, 0 (time of the meal), ϩ10, ϩ20, ϩ30, ϩ45, ϩ60, ϩ90, ϩ120, ϩ150, ϩ180, ϩ240, and ϩ300 minutes for the measurement of plasma glucose, insulin, C-peptide, glucagon, amylin, des-acyl ghrelin, pancreatic polypeptide (PP), PYY, and glucagon-like peptide-1 (GLP-1).
Methods
The plasma glucose concentration was measured on a Beckman Glucose Analyzer 2 (Beckman). Plasma insulin and C-peptide were measured by electrochemiluminescence on a Cobas e411 instrument (Roche Diagnostics S.p.A.). Plasma glucagon, PYY , PP, amylin, and des-acyl ghrelin concentrations were measured by Milliplex Mag kits (Millipore Corporation) on a Bio-Plex 200 system (Bio-Rad Laboratories, Inc). Plasma total GLP-1 concentrations were measured by ELISA (Millipore Corporation).
Modeling
␤-Cell function parameters were derived from mathematical modeling of the plasma glucose, insulin, and C-peptide concentrations measured during the MMT (19) . Insulin sensitivity was estimated as the Matsuda index, which estimates plasma glucose clearance rate at a level of hyperinsulinemia in the range of that achieved during a standard (240 pmol ⅐ min Ϫ1 ⅐ m Ϫ2 ) euglycemichyperinsulinemic clamp, against which this index has been validated (20, 21) .
The ␤-cell function model consists of 3 blocks: (1) a model for fitting the glucose concentration profile, the purpose of which is to smooth and interpolate plasma glucose concentrations; (2) a model describing the dependence of insulin (or C-peptide) secretion on the glucose concentration; and (3) a model of C-peptide kinetics, ie, the two-exponential model proposed by Van Cauter et al (22) , in which the model parameters are individually adjusted to the subject's anthropometric data. Details are described elsewhere (18) .
Statistical analysis
Results are expressed as means Ϯ SD or median (interquartile range), for variables with normal or skewed distribution, respectively. Group differences were compared by the 2 test for categorical variables, by the Mann-Whitney U test for continuous variables, and by the Wilcoxon signed rank test for paired data. Analysis of changes over time (early or late after surgery vs presurgery) was performed by ANOVA for repeated measures; for this test, parameters with a skewed distribution were log-transformed. The output of this ANOVA model is a P value for the time factor (ie, overall changes over time), a P value for the group (ie, between-group differences), and a P value for the time ϫ group interaction (ie, differential changes between groups over time). A multivariate regression model was used to analyze correlations among variables. A value of P Ͻ .05 was considered significant.
Results
Clinical results (OGTT)
Before surgery, patients undergoing SLG were significantly, if slightly, more obese than the RYGB group, but otherwise similar in age, HbA 1c , duration of diabetes, and fasting and 2-hour plasma glucose (see Supplemental Table 1 published on The Endocrine Society's Journals Online web site at http://jcem.endojournals.org.). The small drop in body mass index (BMI) seen at 15 days in both groups was accounted for by loss of both body fluids and fat mass (Table 1 ). One year after surgery, BMI and HbA 1c had decreased similarly in both groups (Table 1) . On the OGTT, both fasting and 2-hour plasma glucose concentrations were markedly reduced with both kinds of sur- 
Metabolic results (MMT)
After meal ingestion, neither fasting nor mean glucose levels changed at 15 days, whereas both were significantly decreased at 1 year. The time to glucose peak, which averaged ϳ80 minutes before surgery, occurred at significantly earlier times both 15 days and 1 year postsurgery, similarly for RYGB and SLG ( Figure 1 and Table 1) .
Baseline insulin sensitivity, insulin clearance, and ␤-cell glucose sensitivity were similar between the 2 groups, whereas fasting and total insulin secretion were higher in the SLG group than in the RYGB group. Fasting insulin secretion increased early and declined 1 year postsurgery in both groups, whereas total insulin output increased early and then returned to presurgery levels at 1 year. The estimated insulin sensitivity improved long term (but not at 15 days) after surgery in both the RYGB and SLG groups, and the 1-year changes in insulin sensitivity correlated with the corresponding changes in BMI (r ϭ 0.51, P Ͻ.001) with no significant difference between the RYGB and SLG groups (Figure 2 ) In contrast, ␤-cell glucose sensitivity showed an early improvement in both groups; the values at 1 year were not significantly different from those at 15 days (Supplemental Figure 1) . Likewise, rate sensitivity increased early postsurgery and was sustained at 1 year. Insulin clearance increased immediately after surgery but not at the later time, the changes being more pronounced in the RYBG group than in the SLG group ( Table 1) . (Table 2 at 15 days; fasting and stimulated amylin and ghrelin were reduced, whereas the GLP-1 pattern was flattened. Plasma PYY was increased both in the fasting state and in response to the meal. Table 2 and Supplemental Figure 2B ) The pattern of hormonal response was similar to that seen with RYGB, with the following exceptions. Plasma PP, fasting as well as stimulated, was significantly higher than with RYGB, whereas plasma amylin was not affected by surgery either acutely or chronically. Table 2 )
Effects of RYGB on gastrointestinal (GI) hormones
Effects of SLG on GI hormones (
Correlations between metabolic variables and GI hormones (Supplemental
To explore the impact of hormonal responses (AUCs) on relevant physiological parameters (ie, HbA 1c , insulin sensitivity, and ␤-cell glucose sensitivity), we computed the matrix of Spearman correlation coefficients. The first important finding is that the degree of obesity itself, as indexed by the BMI, was associated not only with the plasma insulin response (positively) and insulin sensitivity (negatively) but also with the glucagon, amylin, PP, and ghrelin responses in a direct fashion and with the PYY response in a negative fashion. Therefore, using a multivariate model, the relationships of interest were adjusted for BMI and type of surgery (RYGB or SLG, included as a fixed factor). The results show that ␤-cell glucose sensitivity was independently influenced only by the GLP-1 response in a positive manner, and insulin sensitivity was independently enhanced only in association with a higher PYY response. HbA 1c was inversely related to both insulin sensitivity (through the BMI) and glucose sensitivity. The type of surgery was only associated with the PP response, which was higher in more insulin-resistant subjects after SLG but not after RYGB.
In a multivariate regression model including age and BMI, ␤-cell glucose sensitivity was negatively associated with HbA 1c values (partial r ϭ Ϫ0.39, P Ͻ .0001), diabetes duration (partial r ϭ Ϫ0.34, P ϭ .0006), and the GLP-1 response (partial r ϭ 0.23, P Ͻ .02; total r ϭ 0.61, P Ͻ .0001). Diabetes remission (Table 3 and Supplemental  Table 3 ) Age, initial BMI, and the kind of surgery did not distinguish remitters from nonremitters. Duration of diabetes (6 Ϯ 4 vs 12 Ϯ 5 years, P Ͻ .0001), baseline HbA 1c (7.5 Ϯ 1.4 vs 9.2 Ϯ 2.4%, P Ͻ .01), mean plasma glucose levels (P ϭ .001), and ␤-cell glucose sensitivity (P ϭ .002) were all worse in nonremitters than in remitters. Fasting insulin secretion was higher in remitters than in nonremitters (P Ͻ .05). Before surgery, the time to plasma glucose peak during the MMT was shorter in remitters than in nonremitters (P ϭ .03), but after surgery it was anticipated in both groups. Although all metabolic parameters showed an improvement postsurgery, the extent of the improvement was significantly less in nonremitters than in remitters for mean glucose levels, insulin sensitivity, and ␤-cell glucose sensitivity.
With regard to hormones, before surgery, fasting levels of GLP-1 were higher (P ϭ .04), whereas fasting glucagon (P ϭ .04) and amylin levels (P Ͻ .05) were lower in remitters than in nonremitters; the surgery-induced changes in fasting hormone concentrations, however, did not differ between the 2 groups. The meal-induced incremental hormone responses were similar between remitters and nonremitters, except for GLP-1, which was blunted in remitters at baseline and higher in remitters than in nonremitters at both the early and late times postsurgery (Figure 3) .
When predictors of diabetes remission were sought in a logistic regression model, presurgery ␤-cell glucose sensitivity (positive, P Ͻ .0001) and presurgery incremental GLP-1 response (negative, P ϭ .004) were the only variables significantly associated with partial diabetes remission at 1 year.
Discussion
The key features of the present study design were (1) the use of a physiological stimulus, the mixed meal, after 1 week of a low-calorie diet: this was done to reduce the impact of calorie deprivation in the early postsurgical period, and (2) the comparison of 2 bariatric operations, only one of which involves bypassing the duodenum. From the joint analysis of these data we aimed to assess the role of multiple hormonal changes, alterations of food transit, and weight loss itself as the main determinants of glucose tolerance, namely, insulin sensitivity and ␤-cell function. 38 (37) 49 (33) 35 (20) 27 (15) 52 (23) 37
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29 (16) 33 (2) 22 (20) 18 (13) 34 (13) 19 (9) Fasting glucagon, pg ⅐ mL (16) 71 (12) The major findings at 15 days after surgery were the following: (1) plasma glucose concentrations with consumption of the MMT were minimally affected, but peak levels were significantly anticipated with both interventions; (2) insulin concentrations and secretion rates were increased, (3) ␤-cell sensitivity and rate sensitivity were modestly improved; and (4) glucagon and the GLP-1 response were heightened. The above results applied equally to RYGB and SLG. Thus, after surgery, gastric emptying is accelerated also with SLG, in which the pyloric sphincter is intact, suggesting a change in the neural control of gastric peristalsis consequent upon gastric resection (23) . After RYGB, the bulk of foods pass without hindrance into the small intestine, whereas small intestinal transit is prolonged (24); similar data have been reported after SLG. This accelerated transit accounts for the anticipated glucose peak and, consequently, for the changes in the time course of insulin secretion. Furthermore, when the impact of acute calorie restriction was minimized, insulin sensitivity was unchanged and the absolute insulin release was slightly increased, possibly as a carryover of the recent surgical stress. ␤-Cell function was modestly improved, especially in terms of rate sensitivity as a consequence of the more rapid glucose rise and, presumably, the higher GLP-1 response. The early and prolonged contact of food with the distal small bowel mucosa may explain the enhanced GLP-1 release. The reason for the increased glucagon response, which has been observed by others (25) (26) (27) , in the face of similar glucose and higher insulin concentrations, remains undetermined, however.
Under the circumstances, the presence of a duodenojejunal bypass (RYGB) did not appear to exert any detectable effect.
The major findings 1 year after surgery were the following: (1) body weight was markedly reduced, somewhat more with RYGB than with SLG (P ϭ .09 for the time ϫ surgery interaction); (2) as judged from the plasma glucose profiles, gastric transit was still accelerated in both surgery groups; (3) glycemic control, as indexed by HbA 1c , fasting, and mean plasma glucose levels with the MMT, improved to a similar extent after RYGB and SLG; the number of remitters was similar between the 2 operations; (4) fasting insulin secretion was reduced, and total insulin output was back to baseline levels; (5) insulin sensitivity was improved essentially in proportion to the change in BMI (Figure 2 ), and (6) ␤-cell glucose sensitivity was further improved compared with that at 15 days postsurgery.
With regard to the hormonal changes, glucagon and GLP-1 responses at 1 year were attenuated with both surgical procedures, ie, the responses at 15 days. This finding is at partial variance with data in the literature (26 -29); we hypothesize that one possible reason is the different composition of the mixed meal, in particular the presence of fructose (45 g) rather than glucose in the meal we used. In addition, PYY responses were increased with RYGB as well as with SLG, and ghrelin responses were decreased with both surgical procedures. With the exception of GLP-1, all these hormonal profiles were positively associated with the observed BMI in the entire dataset, suggesting that their changes with time were the result of weight loss rather than the kind of surgical procedure. In contrast, amylin decreased only with RYGB, whereas PP responses increased with SLG but decreased with RYGB.
This GI hormonal pattern must be interpreted both in terms of its origin and its impact on glucose tolerance. The reduction in ghrelin concentrations, which has been noted before (12, 14) , presumably results from the reduction of ghrelin-producing cells, by gastrectomy in the case of SLG, and by exclusion of most of the stomach from food contact in the case of RYGB. In the latter, weight loss restores the physiologic decrease in ghrelin that occurs with feeding.
Of the islet peptides, insulin, glucagon, amylin, and PP were interrelated in that they all were stimulated by a mixed meal. However, the effects of surgery on their responses were different, because amylin was markedly suppressed with RYGB but not with SLG, in both of which insulin release, after an early increase at 15 days, returned toward presurgery levels. Thus, whatever the mechanisms by which RYGB suppresses amylin release, it is clear that this hormone is not cosecreted with insulin consistently. PP release, on the other hand, was up-regulated by SLG and down-regulated by RYGB. As for amylin, the underlying mechanisms are presently undefined; however, the divergent impact of surgery points toward the involvement of neural pathways, which the 2 operations disrupt or activate differentially. PYY was found to be increased only at 1 year in both groups. An increase in fasting and postprandial PYY after RYGB has been widely reported and has been interpreted as a mediator of the appetite reduction and of improved glycemic control (28, 29) . With regard to the influence of these hormonal changes on the determinants of glucose tolerance, our analysis indicates 3 plausible effects. First, the increase in glucagon opposes the suppressibility of endogenous glucose output by insulin, as we recently demonstrated with the use of a double tracer protocol in both nondiabetic and diabetic patients undergoing RYGB (30) . Second, the increase in GLP-1 can be linked with the improved ␤-cell function, especially at the earlier postsurgical time. Finally, we did single out a weight-independent association between PYY responses and insulin sensitivity. In a recent study, low plasma PYY levels have been related to both insulin resistance and insulin hypersecretion; a relative lack of PYY has also been shown to alter the intrinsic properties of islets (31) .
Further insight can be gained from the comparison of remitters and nonremitters (Table 3 ). As expected from previous studies (18) , remitters were characterized by better baseline glycemic control, a shorter time to peak for glucose excursions, and better insulin sensitivity and ␤-cell function. In multivariate analysis, ␤-cell glucose sensitivity emerged as the chief predictor of remission, as was the case in a prior series (18) .
Limitations of this study are the small number of patients in the SLG group, the lack of randomization, the relatively short follow-up, and the absence of a diet control group. There were, however, 2 novel findings. First, the kind of surgery seems to be unrelated to remission at 1 year, again suggesting that the duodenal bypass does not contribute independently to this outcome. Our data are in agreement with those of some authors (6, 32) . However, Kashyap et al (33) have recently reported that the glycemic outcome at 2 years postsurgery was superior with RYGB vs that with SLG.
Second, the GLP-1 response at baseline was an inverse predictor of remission (independently of ␤-cell function), in that patients with a rather flat initial response underwent remission more often than those with a robust baseline response (Figure 3 ). It should be noted that, according to a recent meta-analysis (34) , GLP-1 responses in type 2 diabetes are quite variable, perhaps as a function of the patient's phenotype but also because of other factors, including impaired secretion (35, 36) , accelerated metabolism of GLP-1 (37) , and defective responsiveness to GLP-1 (38) .
In summary, RYGB and SLG both cause marked metabolic adaptations, resulting in frequent diabetes remission 1 year later. When the confounding of calorie restriction is factored out, ␤-cell function improves rapidly, very possibly under the influence of enhanced GLP-1 responsiveness. The changes in other hormones (glucagon, amylin, ghrelin, PP, and PYY) appear to only reflect the anatomical rearrangement, the alteration of neural pathways, and weight loss itself. Insulin sensitivity improves in proportion to weight loss, with a possible involvement of PYY. The presence of the duodenojejunal bypass in RYGB does not appear to be directly responsible for any of the above metabolic adaptations.
